We have designed and chemically synthesised an artificial -defensin based on a minimal template derived from the comparative analysis of over 80 naturally occurring sequences. This molecule has the disulfide-bridged, -sheet core structure of natural -defensins and shows a robust, salt-sensitive antimicrobial activity against bacteria and yeast, as well as a chemotactic activity against immature dendritic cells. An SAR study using two truncated fragments or a Cys Ser point-mutated analogue, in which one or two of the three disulphide bridges were absent, indicated that altering the structure resulted in a different type of membrane interaction and a switch to different modes of action towards both microbial and host cells, and that covalent dimerisation could favour antimicrobial activity. Comparison of the structural, aggregational and biological activities of the artificial defensin with those of three human -defensins and their primate orthologues provided useful information on how their mode of action may relate to specific structural features. (153 words)
INTRODUCTION
Defensins are small, cationic host defence peptides involved in the innate immunity of organisms ranging from moulds and plants to vertebrate and invertebrate animals [1] [2] [3] . Structurally, they are amongst the smallest examples of autonomously folding polypeptides, displaying a characteristic triple-stranded, twisted, anti-parallel -sheet scaffold [4] [5] [6] on which a short helix may be grafted, and whose formation seems to depend primarily on the presence of conserved disulphide bridges. Few residues are conserved in their sequences, apart from the cysteines involved in these bridges, and although the number, spacing and connectivity of the Cys residues varies in different defensin families, all determined structures conform quite closely to this characteristic fold [7] [8] [9] . It is a remarkable example of a small, conserved protein scaffold supporting an exceptional degree of sequence variation.
-defensins are defined by C 1 -C 5 , C 2 -C 4 , C 3 -C 6 connectivities, and have been identified in many vertebrate animals. Those involved in host defence are produced at epithelial surfaces and provide a multi-modal first line of defence against invading pathogens, which can involve direct inactivation of microbial cells and/or chemo attraction or stimulation of different types of host immune cells [10] [11] [12] [13] [14] . Each animal species possesses numerous parologous defensin genes, which have arisen by multiple duplication events followed by bursts of sequence variation [15] . Orthologous genes in different species may then show different evolutionary patterns, ranging from positive selection for variation, to neutral evolution or conservation [16] . This is consistent with specific adaptations and specialisation within the innate immune or other responses, but what these are remains elusive, despite a vast literature on specific effects of -defensins in different contexts. It has been difficult to correlate common or distinctive structural aspects of different -defensin peptides with their distinct set of biological activities, and it doesn't help that some of these activities seem to persist even when the peptides' are linearized, fragmented or their structures otherwise altered [17] [18] [19] [20] [21] [22] .
The presence of a conserved structural scaffold supporting extensive sequence variation may be a leitmotif for antimicrobial peptides, which are at the interface between the host and pathogen and must thus respond to varying microbial biota. An extensively studied example are the amphipathic helical AMPs [23, 24] , of which magainin is the type specimen [25] . The comparative sequence analysis of numerous such AMPs from different sources has allowed us in the past to describe this scaffold in terms of a sequence template, defining each position in terms of most frequent residues or residue types [23, 26] , which was then used to guide the design of model peptides for structure-activity studies [27, 28] . Others have used alternative approaches, but in general, the use of simplified models for helical AMPs has been fundamental in the development of an articulated and widely accepted mechanism of action for these AMPs at the microbial membrane [29] [30] [31] , which is often taken as the paradigm for other structural types also.
We have applied a similar approach to -defensins and have carried out a comparative analysis of over eighty members of this family, taken from the AMSDb database of antimicrobial peptide sequences (http://www.bbcm.units.it/~tossi/amsdb.html). This allowed us to derive a simplified, artificial defensin sequence with characteristics common to many of the natural -defensins. The synthetic peptide and its analogues are then used both for SAR studies, concerning activities on bacterial and host cells, and as benchmark molecules to help better understand the antimicrobial and immunomodulatory properties of natural peptides such as the human -defensins 1 to 3 and their primate orthologues, in relation to their structure. A c c e p t e d M a n u s c r i p t Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
EXPERIMENTAL

Chemicals and reagents
Fmoc-protected amino acids, activators and resin for SPPS were from Applied Biotech Italy (Milan, Italy); Egg phosphatidylcholine (PC), Egg phosphat idylglycerol (PG), N-Octyl -D-glucopyranoside (OG), bovine trypsin (EC 3.4.21.4), bovine chymotrypsin (EC 3.4.21.1), Igepal-HCl, CCR6 and ONPG were purchased from Sigma (Italy). DC-SIGN, CD29, CD11c were from Becton Dickinson (Italy). HLA-DR was from Immunotech (France). Recombinant human GM-CSF and recombinant human Interleukin 4 were from BioSource International (USA). Recombinant human Macrophage Inflammatory Protein-3 alpha (MIP-3 ) was from Chemicon International (USA). FastDil and JC-1 were from Molecular Probes, (Invitrogen, Italy). BCA Protein Assay Reagent Kit was from PIERCE (Rockford, USA). Cholesterol (extra pure) was supplied by Merck (Darmstadt, Germany). Mueller-Hinton broth, Tryptic soy broth and Bacto-agar were obtained from Difco Laboratories (Detroit, USA). All other reagents and solvents were either synthesis or analytical grade.
Sequence analysis
A sequence template for -defensins was obtained by analysing the positional frequency of specific amino acids or amino acid types (charged, uncharged polar or hydrophobic) in 84 natural sequences belonging to human, primate, bovid, porcine, glire and avian species, aligned by the conserved cysteine residues [1] . For more conserved sequences (e.g. primate -defensin 3), a limited subset was used to avoid bias. The artificial defensin sequence (tBD) was designed based on this template, also taking into account an appropriate charge distribution. Truncated peptides were then derived by simply removing N-terminal stretches to eliminate Cys 1 and then Cys 2 and converting the corresponding paired cysteines to Ser. A variant with a single point mutation was generated by converting Cys 5 to Ser, thus leaving one Cys unpaired. The mean per residue hydrophobicity of the peptides was determined using an amino acid hydrophobicity index scale developed previously as a consensus of numerous appropriately normalized published scales [23, 24] .
Peptide synthesis, folding and characterization
-defensin peptides were synthesized by Fmoc-solid phase peptide synthesis on a PE Biosystems Pioneer TM instrument with columns thermostated to 50 o C and loaded with 2-Chlorotrityl chloride resin, (substitution 0.2-25 meq/g), as described previously [7] . The quality of crude peptides was verified by ESI-MS (Sciex API I, Perkin Elmer) and then directly oxidatively folded (24 -48h) in N 2 -saturated aqueous buffer (0.1 M NH 4 OAc, 2 mM EDTA, 1M guanidine. HCl, pH 7.5-8), containing Cys2/Cys pair (peptide/Cys2/Cys=1/10/100) as described [7] . Peptide concentrations were determined based on the molar extinction coefficients ( 280 ) of Trp and Cys, using the ProtParam tool on the Expasy server (http://www.expasy.ch/tools/protparam.html).
The disulfide connectivities in folded peptides were partly confirmed by limited digestion with bovine trypsin and/or chymotrypsin [peptide/enzyme ratio 20/1 (w/w)] at pH 5,5 to prevent disulfide exchange, followed by analytical RP-HPLC separation (Waters Symmetry 300Å, C18, 4.6 x 50 mm, 5 µm analytical column) and ESI-MS determination of the fragments.
CD spectra were carried out on a Jasco J-715 spectropolarimeter (Jasco, Japan), using 2 mm path length quartz cells and peptide concentrations of 20 µM, in 5 mM sodium phosphate buffer pH7, in the absence and presence of 10mM SDS. Electrophoresis of the peptides was performed in the absence of urea, under reducing and non-reducing conditions (with or without 2-mercaptoethanol as described previously [7] . A c c e p t e d M a n u s c r i p t Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
Surface Plasmon Resonance on model membranes
Biosensor experiments were carried out with a BIAcore 3000 analytical system (BIAcore, Uppsala, Sweden) using an L1 sensor chip (BIAcore) whose surface consists of a dextran matrix modified with lipophilic compounds that capture SUVs thus permitting the retention of a bilayer structure as described previously [32, 33] . BSA (25 l, 0.1 mg/ l in PBS) was used as negative control to confirm complete coverage of non-specific binding sites. Peptide solutions in PBS (20-40 l, 0.3-45 M) were injected on the lipid surface at a flow rate of 5 l/min, followed by PBS alone and the peptide-lipid binding and dissociation events analyzed at six different peptide concentrations. In cases where the system reached a steady state during injection of the sample, the affinity constant was determined using kinetic models suitable for peptide-lipid interactions, using numerical integration analysis provided by the BIAevaluation software. A steady state reaction model was used, which considers the height of the signal to yield information on the binding affinity rather than the slopes, which were difficult to determine due to the shape of the curves.
Transmission and ATR-FTIR
Transmission FTIR spectra (512 scans, spectral resolution 2 cm -1 ) were collected with Vertex 70 Bruker spectrometer, using 2 mM peptide solutions in D 2 O placed between CaF 2 windows, spaced 25 microns apart in a dismountable liquid cell (Harrick Scientific Products, Inc.), after allowing the amide II band to shift from 1550 to 1460 cm -1 to ensure complete deuterium exchange. Nonlinear leastsquare curve fitting with Gaussians bands was used to identify the components of the amide I band.
Starting parameters for the fitting process were obtained by Second-derivative spectra (9-data-point Savitzky-Golay algorithm).
ATR-FTIR spectra (512 scans with a resolution of 2 cm -1 ) were collected with the HORIZON TM multiple reflectance ATR accessory (Harrick Scientific Products, Inc.) mounted on a Bruker Vertex 70 instrument equipped with a Mid Band Mercury-Cadmium-Telluride detector (MCT D316). Lipid/peptide mixtures (1:20 w/w) were prepared by co-dissolving in a MeOH/CHCl 3 (1:2) mixture on a clean Germanium crystal (50 mm x 10 mm x 2 mm), and then drying under a stream of N 2 . The crystal was placed into a customized sealed ATR cell and hydrated by first increasing the relative humidity of the system, then introducing an excess of D 2 O vapour into the sealed cell and following the H/D exchange process for 24 h by repeated measurement. The background was collected directly on a clean internal reflection element (IRE). Any contribution of water vapour to the absorbance spectra in the amide I peak region was corrected by spectral subtraction.
Biological activity assays
Antimicrobial activity
The bacteriostatic activity of the peptides was determined against Escherichia coli ML-35, Pseudomonas aeruginosa ATCC 27853, Burgolderia cepacia 6981 and 14273, Staphylococcus aureus 710A, Staphylococcus simulans 22 and a Candida albicans clinical isolate (c.i.) as minimum inhibitory concentrations (MIC), using the microdilution susceptibility test in 5% (v/v) TSB in SPB as described previously [26] . The bactericidal activity of peptides (time killing) was determined against E. coli ML-35 and S. aureus 710A (~10 7 CFU/ml in SPB incubated at 37°C) in the logarithmic phase and 8 µM peptide concentration.
Effects on bacterial membrane integrity
Permeabilization of the cytoplasmic membranes of E. coli ML-35 pYC by -defensins, was evaluated by following the unmasking of cytoplasmic -galactosidase activity using extracellular ONPG by standard methods [26] . The influence on uptake and retention of radioactive glutamate by S. simulans A c c e p t e d M a n u s c r i p t Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
(~10 6 CFU/ml) in 25% (v/v) MH broth, was investigated as described previously [34] . Briefly cells were treated with radiolabeled L-[3H]glutamate (42 Ci/mmol, final concentration 10 µCi/ml), the sample divided into two aliquots, and one treated with 30 M tBD (10 times the MIC), while the other run as control. After 30 min the control was further subdivided into two aliquots, one of which received 30 M tBD to follow the effect on pre-accumulated amino acid. Samples were then filtered through cellulose acetate filters, washed twice, treated with unlabeled glutamate and dried before radioactivity determination, as previously described [34, 35] .
To estimate the effect on the membrane potential of S. simulans 22, 1 µCi/ml of [3H]tetraphenylphosphonium bromide (TPP+; 26 Ci/mmol) was added to ~ 10 6 CFU/ml cells in 25% (v/v) fresh MH broth. TPP+ is a lipophilic cation which diffuses across the bacterial membrane in response to a trans-negative . The culture was then treated with tBD at 10 times the MIC and samples were filtered and washed [34] . Counts were corrected for unspecific binding of [3H]TPP+ by subtracting the radioactivity of 10% butanol treated cell aliquots. For calculation of the membrane potential ( ), TPP+ concentrations were applied to the Nernst equation [ = (2.3 × R × T/F) × log (TPP+in/TPP+out)]. A mean was calculated from a minimum of two independent determinations.
Serum stability
50 g of defensin peptides were incubated with 250 l of untreated human serum from healthy donors [25% (v/v) in PBS] at 37 o C for 24h. Aliquots of 25 l (5 g of peptide) were added to 65 l of cold 0.5% (v/v) of TFA in H 2 O at different time intervals: 0, 0.5, 1, 2, 4, 6 and 24h, kept on ice for 5 min and than centrifuged at 13000 rpm for another 5 min. The supernatants were injected into an LC-ESI-MS instrument [Amersham Pharmacia Biotech (Sweden) HPLC coupled to an ESQIRE 4000 spectrometer, Bruker Daltonics (Germany)]. Components were separated using a Jupiter C18, 5 m, 300 Å, 2 X 150 mm micro-analytical column (Phenomenex, USA) with a linear gradient of 25% to 45% of acetonitrile in acidified water (0.05% TFA) in 30 min. The percentage of the intact peptide (P) was calculated from the area of the corresponding peak in the chromatogram (P=A t /A 0 x 100), where A t is the peak area of the peptide at any given time and A 0 is the peak area at time zero.
Cytotoxicity and chemotaxis assays
Monocytes were prepared from buffy coat obtained from healthy donors and isolated by Histopaque® density gradient centrifugation. Immature DCs were then induced by treating monocytes with GM-CSF (25 ng/ml) and IL-4 (44 ng/ml) for 7 days (iDC7). A further aliquot of GM-CSF and IL-4 (2x) were added on the third day. iDC7 were phenotypically characterised using HLA-DR, CD11c, DC-SIGN, and CCR6 as markers, to confirm correct differentiation. The hemolytic activity of peptides (at 10 or 100 µM) was determined using 0.5% suspensions of human erythrocytes from healthy donors, in PBS, by monitoring the release of haemoglobin at 415 nm. 100% hemolysis was determined by addition of 0.2% Triton X-100. Cell viability of monocytes was determined by MTT standard procedures, after 1-24 h incubation with 1-16 M peptide in complete medium, and extensive washing with PBS. Apoptosis was assessed by either monitoring mitochondrial membrane depolarization, using the potentiometric JC-1 probe, according to the manufacturer's instructions (tech notes M34142, Molecular Probes), or by PI staining of EtOH fixed cells. Rehydrated cells were resuspended in staining solution (10 µg/ml propidium iodide (PI), 0.05 µg/ml fluorescein isothiocyanate (FITC) and 4 µg/ml RNase in PBS) overnight before flow cytometric analysis. The percentage apoptotic (subG1) cells was determined using the Multicycle software (Beckamn Coulter). All assays were carried out in triplicate and repeated at least three times. All flow cytometric measurements were carried out on a Cytomics FC 500 (Beckman Coulter) and data analysed with the WinMDI (J. Trotter, Scripps Research Institute, La Jolla, CA, U.S.A.) or Multicycle software. Data were subjected to computer-assisted ANOVA (Instat software, GraphPad Inc., San Diego, CA) followed by the Student-Newman-Keuls post test. A c c e p t e d M a n u s c r i p t Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
In vitro iDC migration was assessed in a Transwell cell culture chamber with 8.0 µm pore size polycarbonate filters (Corning-Costar). Cells (10 6 /ml) were stained with FastDil dye (0.1 mM) for 20 min. at 37°C, thoroughly washed and resuspended in RPMI-1640, 1% BSA. 100 l suspension was added to the upper compartment, while the chemotactic stimuli, peptides (1 M) or MIP-3 (12.5 nM, positive control) were placed in the lower wells of the chamber. After 90 min. incubation, both migrated and transmigrating cells were quantified fluorimetrically at 530 nm on a Packard FluoroCount instrument. To specifically inhibit receptor-mediated chemotaxis, cells were pretreated with CCR6 antibody, at 0,5 µg/10 5 cells, for 30 min; neutralizing antibody, at 4 µg/ml, was then also added to each lower compartment.
RESULTS
Defensin template
The frequency of different amino acid residues and residue types at each sequence position was determined for over 80 -defensins of mammalian and avian origin [1] . Although the peptides were of different sizes (36-50 residues), alignment was facilitated by the presence of 6 conserved Cys residues. The aligned sequences were quite variable (as qualitatively shown by the histogram in Figure 1A ), so that apart from the cysteines very few positions are significantly conserved ( Figure 1B ). Taking into account moderately conserved residues (> 30% frequency at any given position) allows the definition of a template, as shown in Figure 1C . This was then used to design the artificial sequence tBD (template -defensin), considering primarily the positional conservation of residue types (i.e. polar, hydrophobic or charged residue). Preference was in general given to the most common residue at any position but also took into account the necessity to achieve an appropriate cationicity, charge distribution, and hydrophobic/polar residue balance. Considering the most frequent charge in the natural peptides is +4, +6 or +7 ( Figure 1F left), we chose a charge of +6 and kept the % hydrophobic residues within the most frequent range (26-30 %, Figure 1F right).
The most variable regions in natural -defensins are located at the N-and C-termini. As shown by the topological diagram ( Figure 1E ) the N-termini may [6, 36] or may not [37] assume an -helical conformation of varying stability. In designing tBD, we have opted for a minimalist approach with a very short N-terminal sequence, and the peptide initiates with a pyroglutamic acid (Ê), as occurs in several bovid peptides, just 4 residues from Cys 1 . The C-terminal sequence was modelled on several human, murine, bovine and avian sequences. Figure 2 shows an alignment of tBD with selected natural -defensins. Identity is highest with a subset of bovine sequences, but it is reasonable also with porcine, horse, human and murine peptides, while it shows less resemblance to other primate and avian sequences.
Synthesis and characterisation
Linear tBD was synthesised by solid phase Fmoc-chemistry in good yields and over 95% purity, as confirmed by ESI-MS (not shown). Efficient folding to the correct structure was obtained in the presence of the free cysteine/cystine pair to allow bridge exchange, at slightly basic pH (7.5-8.0), and benefited from the high purity of the crude peptide. The major species, as determined by analytical RP-HPLC (supplementary material Figure S1 ), was partly confirmed to have the canonical -defensin connectivities (Table I) Table S1 ).
by ESI-MS of the fragments obtained by enzymatic digestion (Supplemental data
A set of variants was obtained by truncating the peptide from the N-terminal, so as to systematically eliminate one then two disulphide bridges, [tBD and tBD in Table 1 ]. The loss of a cationic residue was balanced by introduction of a free terminal amine, so the overall charge is unvaried. A linear version of the shortest fragment was also prepared by alkylation of Cys residues with iodoacetamide. Replacing only Cys 5 with Ser led to tBD(Ser 34 ) (Table 1) , eliminating the C 1 -C 5 bridge, allowing for covalent dimerisation via intermolecular S-S bridging. The connectivities of Cys residues for all these molecules were analysed by limited proteolysis (Table S1) truncated fragments maintained the correct residual connectivities, the point mutated peptide did not, in line with what occurs also in natural defensin variants of this type [37] . tBD(Ser 34 ) existed in partly separable monomeric and dimeric forms (Table S1) .
Peptide structure was evaluated using both CD and FTIR spectroscopies in low salt buffer or in the presence of SDS micelles or PG multi-bilayers, which mimic a membrane environment. In aqueous solution, tBD shows a CD spectrum characteristic of a prevalently -sheet structure with no apparent helical content (Fig. 3A) , so it appears to assume the canonical defensin core structure devoid of an Nterminal helix. Removing one S-S connectivity in tBD(Ser 34 ) has a destabilising effect, resulting in a strong random coil contribution. This is the case also for the truncated fragments, with little apparent -sheet or -hairpin content in aqueous medium, as well as the linearized fragment tBD(16-38)lin (not shown). In the presence of SDS micelles (Fig. 3B ), the -sheet structure of tBD becomes more pronounced, so that interaction with a membrane-like environment appears to have an additional stabilizing effect on the defensin core, whereas its mutated or truncated or linearized analogues remain prevalently disordered.
These results are confirmed by FTIR spectroscopy. In deuterated aqueous solution, tBD shows a well defined spectrum ( Figure 4A ) with components (see Figure 4C ) characteristic of a -sheet (shoulders at 1623 and 1670 cm -1 ), with an estimated -sheet content of about 40% and random coil of about 60% via curve fitting (see supplementary Figure S3 ). In the presence of a supported PG multi-bilayers ( Figure 4B ), ATR-FTIR indicates an increased conformational stability (55% -sheet, 30% coil, see supplementary Figure S4 ). tBD(Ser 34 ) and the truncated analogues instead result in transmission spectra in aqueous solution, and ATR spectra in the presence of supported PG multibilayer, that do not indicate a significant -sheet content (Figure 4 and supplementary Figures S3 and S4). Furthermore, deuterium exchange for tBD in the presence of the supported PG multi-bilayer is significantly slower than that for tBD(Ser 34 ) ( Figure 4E ) or the truncated analogues (not shown), indicating a tighter interaction with the model membrane.
Natural peptides such as human hBD2 have been proposed to form dimeric or higher order structures at high concentrations [4, 14] although this has not been experimentally confirmed. hBD3 has instead been observed by us and others to form aggregates at micromolar concentrations [6, 7] under non reducing conditions, using electrophoretic methods. A similar experiment was performed with tBD and its analogues as shown in Figure 3C , from which it appears that tBD remains monomeric. Two RP-HPLC fractions of tBD(Ser 34 ), identified by mass spectrometry as respectively being prevalently dimeric (fraction 1) and prevalently monomeric (fraction 2) (Table S1 ), in fact both showed the presence of the dimeric form, with monomer present only in fraction 2. This may indicate an equilibrium favouring the dimeric form, which is quite stable as indicated by the difficulty in eliminating it completely even under reducing conditions ( Figure 3C ).
Biological activities
A first evaluation of the cytotoxic activity for tBD and its analogues on microbial cells was based on their minimum inhibitory concentrations ( Table 2) . MIC determinations were carried out in 5% (v/v) TSB or Sabouraud broth in SPB, as defensins are known to be generally quite sensitive to salt and medium conditions. Under these conditions tBD shows a robust and broad spectrum activity against all tested micro-organisms (MIC = 2-4 M), excepting B. cepacia which is well known to be resistant to AMPs [38, 39] . The antimicrobial behaviour of tBD therefore appears to be entirely in line with that of natural -defensins (Table 3) . tBD(Ser 34 ) showed a reduced activity for the monomer enriched fraction 2 but not for the predominantly dimeric fraction 1. The truncated peptide tBD(10-38) actually showed increased antimicrobial activity under these conditions, and even the shorter fragment tBD , with only one disulphide, displayed relatively low MIC values. Only complete linearization of this fragment significantly reduced activity. It should be noted that all peptides have a charge of +6, so that the initial electrostatic interaction with the microbial membranes should be similar. The mean residue hydrophobicity of tBD, tBD(Ser 34 ) and tBD are also quite similar whereas it is reduced in the smaller truncated peptide, which may explain its lower activity (Table 1) . A c c e p t e d M a n u s c r i p t Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
The fact that abrogating the canonical defensin conformation, as occurs in tBD , seems to increase the in vitro antimicrobial potency suggests that the latter peptide may be acting via a different mechanism. To test this hypothesis, the susceptibility of MIC values to medium conditions was analysed ( Figure 5 ). As expected for a defensin, the activity of tBD against bacteria and yeast was significantly reduced at higher medium concentrations, while that of tBD was notably less affected. This is consistent with different mechanisms of action.
Killing kinetics experiments ( Figure 6A ) against E. coli and S. aureus showed a two log drop in viability for both bacteria within one hour of exposure to 8 M tBD (2) (3) (4) , under low salt conditions, while complete inactivation required longer periods. However, at higher peptide concentrations (30 M), the killing capacity towards S. simulans was rapid and total, even at 25% (v/v) MH medium ( Figure 7A) . tBD thus has a cidal rather than just bacteriostatic antimicrobial activity.
The bactericidal activity of natural -defensins is proposed to depend, at least in part, on their capacity to somehow compromise the microbial membrane, leading to leakage of cell content and consequent, or subsequent, inactivation [14, 15] . The capacity of tBD and its variant or truncated fragments to permeabilize the cytoplasmic membrane of E. coli was tested on the -galactosidase constitutive ML35 pYC strain, under low salt conditions, by following the hydrolysis of the impermeant extracellular chromogenic substrate ONPG ( Figure 6B ). All tBD derived peptides resulted in cytoplasmic membrane permeabilisation, albeit with slower kinetics than the control helical lytic AMP P(19/5)B [28] . Unlike tBD and tBD(Ser 34 ), the truncated fragments show convex curves, with a considerable lag-time for the shorter tBD , after which significant permeabilization occurs. This further suggests that the truncated fragments may have different modes of action to tBD, possibly causing more membrane damage in the long term.
To evaluate the stability of tBD and its analogues to the proteolytic effect of serum, aliquots were incubated with 25% (v/v) human serum for different times and then analysed by LC-MS for peptide integrity (Figure 6 C) . tBD was quite stable (100% intact even after 24h incubation). The truncated analogues with two [tBD (10-38)] or one [tBD ] disulfide-bridged were instead rapidly degraded, with respectively only 30% and 10 % integral peptide detected after 4h of incubation, and full degradation after 24h. The serum stability of tBD (Ser 34 ), which is primarily dimeric, was difficult to assess, as in the presence of serum it resulted in multiple HPLC peaks with very weak MS signals (not shown). A possible explanation is that it interacts strongly with serum components in a manner that segregates it.
The cytotoxic activity of tBD was assessed by monitoring PI permeabilization of monocytes as well as hemolytic activity. As for natural defensins, treatment of erythrocytes with peptide concentrations well above the MIC (up to 100 M) resulted in little damage ( Table 2 ). The truncated variants tBD(10-38) had a comparable hemolytic activity to tBD under similar conditions, while curiously, the dimeric tBD(Ser 34 ) peptide showed a significant hemolytic effect. Permeabilisation of monocytes to PI, and the MTT viability assay performed on monocytes and iDC7 at peptide concentrations up to 4 M also indicated a lack of cytotoxicity (not shown).
Antimicrobial mode of action
To probe the mode of action of tBD, a series of assays were carried out under identical conditions, to correlate bactericidal and membrane effects (Figure 7) . Staphylococcus simulans was used as the reference strain, as a large body of data already exists for several other AMPs [40] . At 10 times its MIC value (30 M) in 25% (v/v) MH medium, complete inactivation of bacteria occurred within 20 minutes ( Figure 7A & B) , and concurrent membrane depolarization was also observed ( 20 mV decrease within 10 min, Figure 7C ), as assessed by the distribution of the lipophilic cation TPP+ inside and outside cells. This effect is however considerably smaller than for known pore-forming agents such as nisin [35] which completely depolarise cells. The anionic potential-sensitive fluorescence dye bis-(1,3-dibutylbarbituricacid)trimethine oxonol, also indicated a rapid partial depolarization (not shown). Treatment of cells with the peptide completely abrogates their capacity to actively accumulate tritiated glutamate ( Figure 7D ), and similar results were obtained for incorporation of 3 H-uridine, 3 glucosamine, 14 C-thymidine and 14 C-proline (not shown), possibly because of insufficient energization of the membrane. When tBD was added to cells previously incubated with 3 H-Glu for 30 min ( Figure  7D , arrow), uptake ceased immediately, but there was only partial efflux of the accumulated amino acid. This, together with the incomplete depolarization, clearly argues against only a straightforward membranolytic mechanism occurring, resulting in a complete loss of its barrier function; it rather suggests that tBD may also act through disruption of the functional organization of membrane bound complexes such as the respiratory chains, ATPase and solute transport systems.
Binding affinity to lipid bilayers -a steady-state affinity model
The interaction of tBD and its truncated fragments with model biological membranes was probed using surface plasmon resonance. Sensograms for binding to PC/cholesterol (10/1 w/w) or PE:PG (7:3 w/w) bilayers are shown in Figure 8 . The response unit (RU) signal intensity in all cases increased as a function of the peptides concentration, indicating the capacity of all peptides to bind with the lipid bilayers. Sensograms for binding to anionic PE:PG bilayers ( Figure 8B and D) showed a similar type of interaction for all the peptides at lower concentrations (< 4 M), while tBD showed markedly higher response levels compared to those of either tBD or tBD(16-38)(not shown) at higher concentration (> 7 M). Moreover, dissociation of tBD from these bilayers was incomplete at these higher concentrations ( Figure 8B ), while complete dissociation was observed for truncated peptide at all concentrations ( Figure 8D ). A similar behaviour was observed with neutral PC/cholesterol bilayers ( Figure 8A , C), but with less differentiated response levels. In general, the truncated peptides showed a relatively flat relationship of the equilibrium binding response with concentrations above 1 M peptide, while tBD shows a linear increase up to the highest concentrations (Figure 8 , panels E & F).
Truncated peptides are reversibly binding to the zwitterionic or anionic membranes, and as the system reached binding equilibrium during the injection of the sample it was possible to calculate the affinity constants (the ratio of the association and dissociation rate constants, i.e. K A =k a /k d ) from the equilibrium binding response curves shown in Figure 8E & F. Using a steady-state affinity model values of K A =1 10 6 and 5 10 6 M -1 were determined for tBD and tBD , respectively. The affinity constant for tBD could not be obtained because its binding is irreversible. These results further suggest that the parental and truncated peptides have different modes of membrane interaction, which may lead to different types of insertion and/or permeabilization/translocation events.
tBD as a benchmark peptide for natural -defensins
We have compared the structural characteristics and antimicrobial activities of tBD with that of the three human defensins hBD1-3, and three primate orthologues, respectively from macaque (mfaBD1-2) and gibbon (hcBD3) [7, 15, 41, 42] . As shown in Table 3 , the salt-sensitive antimicrobial activity of tBD compares quite favourably with that of the natural peptides. It is more potent than all thedefensin 1 and 2 orthologues, indicating that the -sheet platform is sufficient for a robust and broadspectrum bacteriostatic activity, and that the presence of an extended N-terminal segment or helix does not seem to be essential. Only the -defensin 3 orthologues show significantly lower MIC values; but their elevated cationicity may play a key role in determining this potency.
Comparing the CD spectra of tBD ( Figure 3 ) and hBD2 [15] indicates an important -sheet contribution for both in aqueous solution, and the contribution from a stable helical segment in hBD2, that is absent in tBD, becomes more apparent. In the presence of SDS micelles, the spectra of both peptides become more intense so that interaction with a lipidic environment may stabilise the -sheet structure. Significantly, hBD2 shows a comparable stability to serum degradation (98% intact peptide after 24 hrs incubation, see Fig. 6C ) to tBD. This indicates that stability to proteolysis is favoured by overall scaffold stability.
Conversely, the CD spectra for mfaBD2, hBD3 and hcBD3 in aqueous solution [15] , by comparison to the tBD spectrum, have a considerably greater contribution from unordered conformations. The explanation, for hBD3 for example, is that the presence of wide loops and a long and relatively disordered N-terminal stretch dominates over the contribution of the relatively few residues forming the central -sheet core [6] . A significant structural rearrangement seems to occur in the presence of a lipidic environment, with likely stabilisation of both the core and the formation of a long helical N-terminal segment for hBD3 in particular [43] .
Comparison of the behaviour of tBD and its covalently dimerized analogue tBD(Ser 34 ) with the natural peptides in PAGE experiments also allowed to better define their aggregation behaviour. tBD clearly behaves as a monomer in non-reducing conditions ( Figure 3C lanes 3) , and tBD(Ser 34 ) prevalently as a dimer in fraction 1 and as a monomer in fraction 2 ( Figure 3C lanes 5 & 7) . It should be noted that due to the compact size, disulphide-bridge stabilised structure and relatively high cationicity, shielding by SDS is likely to be incomplete, so that the peptides travel with an apparent mass that is somewhat higher than expected. By comparison, hBD2 seems to be in equilibrium between monomeric and dimeric forms ( Figure 3C lane 11) , while its macaque orthologue behaves as a monomer under these conditions ( Figure 3C lane 9) . hBD3 clearly aggregates into a multimer ( Figure 3C lane 15) , despite its high charge, as also reported by Schibli et al. [6, 9] . hcBD3 instead cannot do this, as it lacks a critical intramolecular salt-bridge that locally reduces cationicity [7] . hBD3 is in fact proposed to dimerize via electrostatic interactions between Glu28 in one molecule and with Lys32 on another, and vice versa. This however requires a local decrease in charge density [6] , which occurs via intramolecular salt-bridging involving Glu27 and Arg17 (the relevant residues are shown in italics in Fig. 2) . We have reported that in hcBD3 the Arg17 to Trp mutation does not allow this and prevents it from oligomerizing [7] , as observed in the PAGE experiments (Fig. 3C) .
The looser structure of hBD3 in aqueous solution correlates with an increased susceptibility to degradation in serum ( Fig. 6C , only 60% integrity after 4 hrs incubation), which however is still incomplete after 24h (50% integral peptide remaining). An explanation could be that while the less stable scaffold favours degradation, oligomerization shields some of the peptide subunits. Degradation seemed initiate at the C-terminus (-K, -KK, -RKK), as was detected by LC-MS, so is likely mediated by a carboxypeptidase (data not shown).
To obtain further insight into the mode of action of the natural peptides, the kinetics of bacterial inactivation of hBD2 and hBD3 were compared to that of tBD. Both hBD2 and hBD3 were considerably faster at inactivating the Gram-negative bacterium (supplementary Figure S2A ) than the Gram positive one (supplementary Figure S2B) , whereas tBD showed a comparable slower killing kinetics against both. This supports the proposal that the -sheet core is sufficient for a basal antimicrobial activity while the added structural features (e.g. increased cationicity or presence of stable or inducible N-terminal helical stretches) further modulate it [43] .
The human defensins hBD1 and in particular hBD2, have been reported to induce chemotaxis of immature dentritic cells (iDC), via the CCR6 receptor, which responds to the chemokine MIP-3 [11] [12] [13] [14] . We confirmed this effect for hBD2, albeit at a concentration (1 µM) that is 100 fold higher than the native chemokine, consistent with literature results [11, 13] . A statistically significant increase in cell mobility of about 20% above spontaneous migration was observed, in line with about 20-50% of cells being positive for membrane exposed CCR6 (as determined using anti-CCR6 monoclonal antibody, not shown). Chemotaxis induced by tBD compared favourably to that induced by the human peptide hBD2 but curiously, so did that of the truncated and destructured peptide tBD(10-38) ( Figure  9A ). However, while CCR6 neutralising antibody was effective in reducing chemotaxis of iDC by both hBD2 and tBD, as with the endogenous chemokine MIP-3 , it did not affect chemotaxis by the truncated peptide. This may indicate the presence of alternative chemotaxis mechanisms [44] .
To further probe the activity of these peptides on iDC and their precursors, their effect on the mitochondrial membrane potential, assessed using the JC-1 probe, and that on the cell cycle, assessed via PI staining of fixed cells, were determined by flow cytometry, at the same concentration as used in chemotaxis experiments (1 µM). As shown in Figure 9B , tBD and hBD2 had a relatively limited effect in both assays, while the truncated peptide tBD(10-38) caused a more significant mitochondrial depolarization ( m) and a parallel increase in the percent of sub G1 cells (~ 10%), which may indicate an incipient apoptotic damage to the cells even at this low concentration. Globally, these results would seem to indicate that the truncated peptide has a different biological effect than tBD or hBD2 with respect to this type of host cells. A c c e p t e d M a n u s c r i p t Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
DISCUSSION
We have designed, synthesised and characterised an artificial -defensin, using features from the primary structures of numerous natural peptides. It should be underlined that only a subset of these have been characterised for biological activities, but it is assumed that they all play some role in host defence. -defensin-like sequences from genomic studies, which may have different roles, were not used. Our designed molecule shows all the hall-mark features of characterized natural peptides, including a stable -sheet core, a robust, broad-spectrum antimicrobial activity under low salt/low medium conditions, and the capacity to chemoattract immature dendritic cells. Exposure of bacterial cells to this peptide, even for brief periods, resulted in the halting of metabolic processes and bacterial killing, in a salt-and concentration-dependent manner.
Permeabilisation of the bacterial membrane was also observed, but penetration of impermeant substrates into the cytoplasm was slow, as previously reported also for natural -defensins [15, 45] , and only partial efflux of accumulated metabolites and incomplete depolarisation of the cytoplasmic membrane was observed. Supposing a membranolytic mechanisms for the defensin peptides, there is some incongruity between these rather slow and incomplete effects on membrane integrity and the fact that killing ensues after a quite brief exposure to the peptide. This could on one hand indicate that bacterial inactivation is not strictly dependent on membrane compromising. On the other, it could also be explained by a delayed membrane effect, due to the persistence of the peptide in membranes even after extensive washing, consistent with the partly irreversible nature of the interaction with model membranes, as indicated by SPR studies.
We have interfered with the well-defined structure of tBD, by either replacing only one of the conserved cysteines or removing entire sections containing Cys residues, while not affecting the overall charge. The single cysteine substitution causes a rearrangement of disulphide bridging and significantly destabilises the peptide's secondary structure, as observed with both CD and FTIR spectroscopies. Both a human polymorphic peptide, hBD1(Ser 35 ), and a mouse variant, mBD8(Tyr 5 ), with only 5 cysteines have been reported [20, 37] . The human peptide, like tBD(Ser 34 ) shows an apparent rearrangement of the canonical connectivities, without significant loss of antimicrobial activity, and the mouse peptide, like tBD(S 34 ), showed an increased antimicrobial activity when covalently dimerised. Removal of 2 cysteine residues along with part of the N-terminal region, in tBD(10-38) completely abrogated the canonical defensin conformation, irrespective of the environment. In agreement with literature reports for truncated natural defensin analogs [9, 18, 19, 21, 46] , the in vitro antimicrobial activity of truncated tBD peptides endured, but with an apparent shift to a different mode of action. The integral defensin acts in a salt-sensitive manner, but interacts more irreversibly with biological membranes, as indicated by both SPR experiments, and slower deuterium exchange in ATR-FTIR experiments, using supported membrane multi-bilayers, and this leads to bacterial inactivation without rapid or massive membrane lysis. We have recently proposed that part of the antimicrobial mechanism for AMPs might derive from their capacity to disrupt the functional organization of membrane bound complexes, such as the respiratory chains and transport or cell wall assembly systems -a cidal mode of action called the "sand-in-a-gearbox" mechanism [34] , and this may apply to tBD as well as natural -defensins. The truncated peptides instead may act by a less saltsensitive, reversible, possibly carpet-like and more lytic mechanism [30] . When the structural characteristics and antimicrobial activities of tBD were compared to those of several human and primate defensins, it confirmed its usefulness as a benchmark molecule. Of all the natural peptides, only hBD2 appeared to have a similarly well-formed -sheet core structure, with an added stable helical component [4, 6, 47] in aqueous buffer. The other natural defensins seem to have less defined structures in bulk solution, although an increased structuring is induced by interaction with a lipid-like environment. The defensin scaffold may thus be dynamic, extending or reducing the -sheet core and the attached N-terminal helical segment according to the supported sequence and A c c e p t e d M a n u s c r i p t Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
environment [43] . Judging from the robust and broad-spectrum activity of tBD, the -sheet core is sufficient for a basal antimicrobial action, whereas the added structural features of the natural peptides (helical stretch, increased cationicity, etc.) further modulate it, for example altering potency, killing kinetics and salt sensitivity. It also appears that specific features in the primary structures of the natural defensins mediate their differential tendencies to oligomerise, whereas these are absent in tBD. Mode-of-action studies however argue against a straightforward membranolytic mechanism for bacterial killing but rather may be due to a disruption of the functional organization of membrane bound protein complexes. Recent studies using hBD3 have brought us to a similar conclusion for this natural defensin, and led us to propose that its antibiotic activity is based on interference with the organisation over space and time of membrane-bound protein machineries such as the electron transport chain and, in particular, the cell wall biosynthesis complex, rather than on formation of membrane lesions [48] . The presence of a stable -sheet scaffold in aqueous solution is also important for serum stability in vitro. Thus, tBD and the human defensin hBD2 remained intact after 24h of incubation; hBD3, which has more disordered N-and C-termini [6] , was only 50% intact, and truncated and disordered analogues of tBD were completely degraded. This is in line with an increased susceptibility ofdefensins also to an extracellular proteinase, when the structure was altered by disrupting the disulphide array [49] .
A comparison of iDC chemotaxis induced by hBD2, tBD and the truncated peptide tBD(10-38) was also quite revealing. tBD has a comparable effect to the human peptide, and also appears to act via CCR6, as indicated by its abrogation in the presence of anti-CCR6 antibody. This would seem to indicate that interaction with CCR6 does not depend on specific structural features of hBD2, such as the stable N-terminal helix, but rather on the generic defensin -sheet platform, as present in tBD and other defensins. This is in line with the fact that human and mouse BD1, which are quite different in sequence to hBD2, also induce iDC chemotaxis [19, 50] . One could speculate that this may occur via a non-canonical interaction with the receptor that may depend on the capacity of these peptides to interact with the membrane around it rather than to the receptor binding site. Membrane accumulation of defensins in host-cells could in this way lead to productive interactions with membrane bound complexes, at non-toxic concentrations.
The fact that the truncated peptide tBD(10-38) also causes chemotaxis while not responding to CCR6 neutralizing antibody suggests that this effect can also be induced by membrane-active peptides in a manner not dependent on CCR6, in line with recent reports [44] . This may relate to a different type of membrane interaction, as indicated by SPR experiments, and may be pertinent to the observation by others also, that compromising the structure of defensins does not necessarily remove chemotactic activity [51] .
The study of defensins is in general complicated by the fact that the number of reported antimicrobial and immunomodulatory activities in vitro, which may or may not be biologically relevant, is continually increasing, but so are reports of these activities persisting even when the canonical defensin structure is dismantled by linearization or fragmentation [17, 18, [20] [21] [22] 51] . It seems odd that a ubiquitous and evolutionarily conserved scaffold could be so easily dispensed with, even if it is known to support quite extensive sequence variation. With tBD we have found sequence conditions for ensuring formation of a quite stable, monomeric form of the scaffold and related this to its mode of antimicrobial and chemotactic action, which may be generally representative of that of the natural peptides. We have further shown that while altering the structure does not necessarily abolish antimicrobial or chemotactic activity in vitro, it likely results in a shift to different modes-of-action. Numerous highly simplified artificial AMPs, and even peptidomimetics, have been designed in which a suitable distribution of cationic and hydrophobic residues results in a potent biological activity in vitro [23, 40, 52] . It is therefore not surprising that the primary structure of defensins, which evidently shows this distribution, should result in such activities even in the absence of higher structural organisation. Whether this occurs by the same mechanisms, or is biologically meaningful, is another question. In other words, one can learn lessons from the evolutionarily selected features of naturally occurring peptides that can help in the design of novel AMPs with useful properties, but too much tampering may lead to ambiguous results. The observation of similar functions for HDPs and derived analogues should not be taken at face value, and the underlying mechanisms should be probed using a A c c e p t e d M a n u s c r i p t Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
number of complementary biological and biophysical methods, before drawing conclusions. We trust that tBD can in this respect be a useful benchmark for studying defensins and their analogues.
This work was carried out within FVG regional project R3A2 and PRIN. Project (2005051341_005) . N. Antcheva gratefully acknowledges support from the EU 6 th framework project ET-PA (COOP-CT-2005-018191).
FIGURE LEGENDS
Figure 1 Comparative sequence analysis of -defensins
Qualitative representation of the positional variation, where larger histograms correlate with higher variability (A). Template indicating strongly (uppercase), moderately (lower case) and less conserved (x) positions (B). Template indicating most frequent residues or residue types at each position (x = highly variable, lower case > 30% frequency, uppercase > 60% frequency, > 60% hydrophobic residues (C). Sequence of tBD (Ê is pyroglutamic acid) (D). Representation of -defensin topology, based on known structures (grey arrows represent -strands, the cylinder represents a possiblehelical segment, it is shown as transparent as it is present in some family members but not others (E). Frequency plots for total charge and % hydrophobic residues for the analysed -defensin sequences (F).
Figure 2 Sequence alignment of tBD with selected natural -defensins
Residues identical to those in tBD are shaded grey. Sequences are named as in the UniProtKB database. The percent identity with tBD was calculated using the BLAST Network Service on ExPASy.
Figure 3 Structure and aggregation
CD spectra of tBD compared to that of its analogues in 5mM SPB at pH 7 (A) or in the presence of 10 mM SDS micelles (B) with 20 µM peptide concentration; tBD (-), tBD(Ser 34 ) ( ), tBD(10-38) (---), tBD (16-38) (--). Native SDS-PAGE in reducing (lanes 2, 4, 6, 8, 10, 12, 14) and non reducing conditions (lanes 3, 5, 7, 9, 11, 13, 15) ; lanes 1 and 16 are standards (C). For tBD(Ser 34 ), fraction 1 was established by ESI-MS as being prevalently dimeric, while fraction 2 as prevalently monomeric, in non-reducing conditions (see supplementary Table S1 ). A c c e p t e d M a n u s c r i p t Licenced copy. Copying is not permitted, except with prior permission and as allowed by law. A c c e p t e d M a n u s c r i p t Licenced copy. Copying is not permitted, except with prior permission and as allowed by law. Table 2 Antimicrobial and hemolytic activity of tBD and its mutated or truncated analogues a MIC values were determined in 5 % (v/v) TSB for bacteria, and in 5 % (v/v) SAB medium for yeast, in 10 mM sodium phosphate buffer pH 7.4, using 10 5 CFU/ml micro-organisms at logarithmic phase, and are the mean of at least three experiments performed in duplicate. b The hemolytic activity of the peptides (10 or 100 µM) on erythrocytes was determined using 0.5% suspensions of human blood cells by monitoring the release of haemoglobin at 415 nm. A c c e p t e d M a n u s c r i p t Licenced copy. Copying is not permitted, except with prior permission and as allowed by law. A c c e p t e d M a n u s c r i p t Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
Figure 4 FTIR spectra of tBD and tBD(Ser 34 ) in solution and in PG multilayers
